T HE weather and climate of the Earth are governed by the solar radiation which is absorbed by the Earth and the longwave radiation which is emitted. Any understanding of our climate must begin with a knowledge of this energy balance [1] , [2] . The Clouds and the Earth's Radiation Energy System (CERES) scanning radiometer is a spacecraft instrument, which is designed to measure the longwave radiation that is emitted by the Earth and the solar radiation that is reflected by the Earth [3] [4] [5] . The protoflight model CERES instrument is aboard the Tropical Rainfall Measurement Mission (TRMM), flight models FM-1 and FM-2 have operated aboard the Terra platform since January 2000, and FM-3 and FM-4 have operated on the Aqua spacecraft since June 2002. The CERES FM-5 is on the Suomi-NPP spacecraft [6] . Another flight model FM-6 will fly on the Joint Polar Satellite System (JPSS) C-1 spacecraft [7] .
Cloud information is needed to compute radiation fluxes from radiance measurements. This information is provided by higher resolution data from the Visible and Infrared Scanner (VISR) on the TRMM, from the Moderate Resolution Imaging Spectrometer (MODIS) instruments on the Terra and Aqua satellites [8] and from the Visible and Infrared Radiometer Suite (VIIRS) on the NPP. The pixels of these instruments are an order of magnitude smaller than those of CERES; hence, to use these high-resolution data, it is necessary to know the response of CERES to radiance at a point within its field of view (FOV) as it scans. The response of the measurement m of an instrument to radiance L from any point (x, y) within the FOV is defined to be the point response function (PRF), where x is the distance from the optical axis in the scan direction, and y is the distance from the optical axis in the direction normal to the scan direction. The measurement is the integral of the response to all of the points within the FOV and the area over which the time response is significant, i.e.,
where A FOV is the solid angle subtended by the FOV. The measurement is normalized, such that, for L(x, y) = 1, the measurement is one.
In addition to accounting properly for the effects of clouds within a pixel, the PRF is needed for validation of the pixel location by using a coastline detection scheme [9] , [10] . The PRF affects the comparison of CERES data with measurements from ground sites, airborne instruments, and instruments on other spacecraft. In addition, the PRF is needed for evaluating regional averaging algorithms used to generate gridded data products.
Although the PRF can be computed for the design conditions [11] [12] [13] , any deviations from the design can result in changes of the PRF. The PRF must be measured to assure that it conforms to expectations. Other applications of PRF measurement are to validate the absence of out-of-field response of the radiometer and to validate that the radiometer performs to requirements. A PRF source for measuring the PRF of the CERES scanning radiometer was built and installed in the Radiometric Calibration Facility (RCF) for measurement of the PRF during calibration of the CERES instruments, all of which is done in vacuum [14] [15] [16] . The PRFs measured by the source have been reported for the protoflight model [16] and flight models FM-1 and FM-2 [17] and FM-3 and FM-4 [18] . This paper describes the aspects of the CERES scanning radiometer, which impact its PRF; the design and use of the PRF source for making measurements; and the analysis of these data to compute the PRF of the CERES scanning radiometer. In order to compare the results to those expected from theory, 0196-2892 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the effects of the finite size of the PRF source are taken into account. Results are shown for the FM-5 instrument, which is aboard the Suomi NPP spacecraft.
II. CERES SCANNING RADIOMETER
The CERES scanning radiometer [4] is shown in Fig. 1 . It has a total channel, a shortwave channel, and a window channel mounted on a beam, which nominally scans at 63.5
• /s. Each channel has a separate Cassegrain telescope for its detector [17] . Fig. 2 shows the construction of a CERES telescope. The total channel measures all radiation from 0.2 to 100 μ. The purpose of the shortwave channel is to measure solar radiation reflected from the Earth; hence, it has two fusedquartz filters, which limit the radiation reaching the detectors to the range of 0.2-5 μ. The longwave window channel has two filters, which limit radiation to the 8-12-μ atmospheric window. The signal from each channel is sampled every 10 ms, which is every 0.635
• in scan angle at a nominal scan rate. The instantaneous FOV of each channel is determined by a hexagonal field stop in the focal plane. The shape of the field stop was designed to minimize the total blur and aliasing errors in the radiance field reconstructed from the measurements [18] [19] [20] , as pioneered by Katzberg et al. [21] , [22] . The mirrors of the telescope are each spherical, resulting in a blur due to spherical aberrations, which is described as a circle of 0.16
• at the focal plane. Fig. 3 shows the field stop and the blur circle for comparison. For the thermistor-bolometer detectors used in the CERES radiometers, the response of the detector should be uniform across the utilized area of the detector. The measurement of the PRF serves as a proof of workmanship for the detector construction. The PRF is governed by the FOV, the time response of the detector, and the electronic filter, which is a four-pole Bessel filter, for damping electronic noise. The detector has a first-order time response of nominally 8 ms, and the Bessel filter has a characteristic frequency of 10.5 Hz, which results in the half-power point at 22 Hz. The resulting PRF, neglecting the blur circle, can be computed analytically [10] . The blur can be incorporated by convolving the blur function with this analytic model. Alternatively, the PRF can be computed by use of a computer model [12] , [13] , which treats the optics with a ray trace procedure, the thermal diffusion and electrical response with a finite element model, and the electronic response with differential equations for the detailed circuit model.
III. DESCRIPTION OF PRF SOURCE
The basic concept for measuring the PRF is presented, and the requirements of the PRF source are defined, which are followed by its design description.
A. Requirements of the PRF Source
The concept is illustrated in Fig. 4 . After the instrument scans with the source at various cross-scan positions, as indicated in Fig. 4(a) , the results are compiled, as shown in Fig. 4(b) , to form the PRF. The test requirements of the PRF source are explained as follows. It is highly desirable to measure the PRF at a set of cross-scan positions spaced every 0.25
• . Each scan should cover 3.9
• of scan angle, in order to cover the significant portion of the PSF. The radiance of the PSF source should be at or near the top of the dynamic range for each channel to get accurate results. The angle subtended by the radiation source should be no greater than the geometric blur (0.16
• ) of the instrument. Contamination by stray light should be negligible. The thermistor-bolometer detectors are sensitive to stresses; therefore, during all calibrations, the scan axis is vertical, so that the scan plane is horizontal, to keep gravitational loads constant, as the instrument scans. The CERES instrument will be operated in vacuum for these tests, i.e., in the RCF.
From these test requirements, the PSF source was designed. The radiance at the detector will be the beam with 0.16
• radius passing through the optics, with a 0.16
• blur circle, to give radiance at the detector, which is the convolution of the two effects and is distributed over a circle with radius 0.32
• , so that the distance between samples in the cross-scan direction is less than the size of the effective beam and the sampling in the crossscan direction is adequate.
The cross-scan motion is to be performed by a scan mirror in the space near the CERES sensor entrance aperture. Only the portion of the beam that is from the radiance source is to be used. The CERES sensor will directly view only the source or cold stops. Stray light from the PRF source into the sensor is eliminated by requiring two bounces or more for the stray light to reach the detector. Background radiation is eliminated by requiring one bounce or more. The radiation source must be outside the vacuum chamber, so that failure of the source cannot contaminate the chamber.
B. PRF Source Design
The optical layout of the PRF source is shown in Fig. 5 . For the radiation source, a 2400-K Nernst glower was selected. At this temperature, the glower will provide enough radiance to cover the dynamic range of each channel. Use of an incandescent source avoids coherence effects associated with lasers. Radiation from the Nernst glower is gathered by an offaxis mirror that focuses the radiation and reflects it through a zinc selenide window into the vacuum portion of the PRF source. This window is the only transmissive element of the system, and most losses of the beam's radiance occur here. A pinhole at the focal plane of the focusing mirror serves to block unwanted radiation from out of field. A liquid-nitrogen-cooled shroud surrounds the plate containing the pinhole, in order to minimize unwanted radiation. The radiation from the glower is reflected by a folding mirror to an off-axis parabolic mirror, which produces a beam collimated to 0.16
• . The beam goes through an aperture, which permits only the center of the beam to pass. The aperture stop is also cooled by liquid nitrogen. A folding mirror reflects the beam onto a mirror that rotates about two axes, from whence only the radiation from the glower is viewed by the radiometer as it scans. There is a variation in the radiance in the beam due to the use of the two off-axis parabolic mirrors. The blur of the radiometer optics and the beam are convolved with the blur circle to produce the radiance on the detector, which is within a 0.32
• circle. Variations within this circle are smaller than the scale of interest. The beam is large enough that it covers the field stop in the instrument as it scans. The radiometer will directly view only the source or cold stops.
The two-axis rotating mirror turns about the vertical axis from neutral position to +0.2
• and −0.2 • . The instrument output is sampled every 10 ms, or 0.635
• at a normal rotation rate. By rotating this mirror about its vertical axis from one scan to the next, a 0.2
• resolution is obtained in the scan direction. This mirror also rotates about a horizontal axis to rotate the beam in the vertical plane, thereby providing a beam at cross-scan positions displaced 0.25
• in the vertical. In order to implement this design concept, the PRF source is mounted on the side of the RCF, as shown in Fig. 6 . It is necessary to minimize the obstruction by the PRF source of the walkway around the vacuum chamber, which must perform a number of calibration functions [14] [15] [16] . In Fig. 6 , the CERES instrument is in position for shortwave calibration at the right end of the chamber. For PRF testing, the carousel assembly is rotated to align the instrument with the PRF source.
C. Measurement Procedures
The PRF of each CERES channel is measured separately: first the shortwave channel is measured and then the total and finally the longwave window channel. The elevation scan axis of the instrument is oriented vertically, and the instrument scans past the source. The source is collimated to 0.16
• , to be compatible with the blur circle of the CERES optics. This source increases slightly in temperature during the test. Because the beam is highly collimated, L(x , y ) is nearly a point source and the PRF is approximately the measurement m(x, y), in which x is varied by scanning about the elevation axis, and y is varied by adjusting the cross-scan angle of the beam with a mirror at location TF3 in Fig. 5 .
For each channel, the FOV midpoint at cross-scan angle = 0.0
• (i.e., in the horizontal plane) with the mirror TF3 along-scan angle = 0.0 • (baseline scan) is measured first. The cross-scan setting (i.e., angle in the vertical direction) is step increased by +0.25
• until reaching 1.5
• . At each cross-scan step, mirror TF3 is used to adjust the along-scan angle of the source beam from −0.2 • , 0.0 • , and +0.2
• . Cross-scan and along-scan mirror settings are returned to 0.0
• , and a second baseline scan measurement is taken. Afterward, cross-scan settings are step decreased by −0. 25 • , and the procedure is repeated until reaching −1.5
• cross-scan angle. Cross-scan and along-scan mirror settings are returned to 0.0
• , and a third baseline scan measurement finishes the PRF test. CERES data packets are recorded every 6.6 s and contain 660 samples per packet. The CERES elevation gimbal scans across the PRF source four times in each 6.6-s period, as shown in Fig. 7 . The PRF source is nominally located at 90
• scan position. Each detector is assumed to be symmetrical across each elevation scan plane. Operationally, CERES scans in both directions at 63.5
• /s. During PRF testing, the instrument scans at the same rate in both directions but over a reduced scan angle range from 73
• to 107
• . This reduced angle range permits two scans in each direction during the 6.6 cycle time, with scans 1 and 3 in a negative direction and scans 2 and 4 in a positive direction. (In orbit operations, the instrument scans once during a 6.6-s period.)
IV. DATA ANALYSIS AND RESULTS
Thermal radiation from the test chamber itself induces an error in PRF measurements. The total channel and longwave window channel measurements show effects due to temperature variations of the structure of the mask around the PRF source and the wall of the RCF. For these two channels, measurements were taken with the PRF source shuttered, in order to provide a background profile, which was then subtracted from the measurements with the source on. Fig. 8 shows a sample of this data adjustment, where the initial test chamber measurements are shown in blue, uncorrected total data are in black, and the final adjusted total data are in red. This signal correction is applied to every scan for every science channel. The temperature effect is removed from the data by comparing changes in signal between the three baseline scans (at cross scan = 0.0
• with mirror azimuth = 0.0 • , linearly interpolating the magnitude of the difference and applying the calculated correction. Fig. 9 shows the output of the FM-5 total channel in counts as it scanned the source beam. The optical point spread function is symmetric about both axes. The time response of the detector and the signal conditioning circuitry cause the PRF to be asymmetric about the scan direction. When the measurement profiles for scans 1 and 3 are reversed (in terms of scan angle), the PRF is the same as for scans 2 and 4.
Points are indicated in Fig. 10 , for scans taken with the tilt mirror in −0.2
• , 0, and 0.2 • positions about the vertical axis. The three tilt mirror positions provide sufficient data points to give a well-defined curve for the PRF in the scan direction. Scans are then taken with the tilt mirror rotated about the horizontal axis, in order to map the cross-scan variation of the PRF at 0.25
• intervals. Fig. 11 shows these results for the PRF at the various cross-scan positions.
Measurements from all cross-scan positions are assembled to make contour plots of the PRFs for each of the three channels, which are shown in Fig. 12 . The predicted PRF is included for comparison in Fig. 12(d) . The FOV aperture is also shown for the buildup of the response, so that most of the response is well behind the FOV. The maximum of the PRF is marked by a pair of dotted lines for each channel. The centroid of each channel is marked by a dash-dotted line for each channel. The nature of the time delay causes the centroid to be behind the maximum of the PRF. A slight asymmetry of each channel results in the maximum being off-center, but the centroid is only slightly displaced from the x-axis for the total and shortwave channels.
The predicted PRF shown in Fig. 12(d) used the analysis for the basic PRF [10] , which did not consider the effects of optical blur. Blur is included in the predicted PRF by convolving the blur function with the basic PRF. It is also necessary to account for the finite size of the source beam. This is done by convolving the PRF (with blur included) with the beam radiance over the solid angle covered by the beam. These two convolutions can be combined into one function, which is convolved with the basic PRF. This function is axisymmetric, and thus, it does not shift the centroid position as measured. It does reduce curvature, hence widening the measurement. Details of this procedure are given by Paden et al. [23] . The measured PRFs for the three channels compare well with the predicted PRF.
The location of the maximum and centroid for each channel of FM-5 is listed in Table I . The time delay is included, based on the scan rate of 63.5
• /s. The centroid location is determined by the time response of the detector and the Bessel filter as [10] x = r τ + (2πf ) where r is the scan rate, τ is the time constant of the detector, and f is the characteristic frequency of the Bessel filter. The parenthetical expression is the time delay. The detector time constant is between 9 and 10 ms, and this was assumed to be 10 ms for the calculation. The computed centroid location and time delay are listed also in Table I . The agreement between the expected location and the measured locations are favorable.
V. CONCLUDING REMARKS
A PRF source for measurement of the PRF of the scanning radiometers was developed as part of the RCF, which is used for the calibration of the CERES instruments. The design concept and implementation of the PRF source are described. The analysis of the measurements to produce the PRF is discussed.
In order to compare the measured PRF with the theoretical PRF, the finite size of the PRF beam is taken into account. The use of the source and the analysis of the data are demonstrated by application to the FM-5. The shortwave and total channel detectors showed good uniformity of response over the crossscan direction. The PRF delay times are similar for all three detectors and agree well with the computed value.
The PRFs of the CERES protoflight model the flight models FM-1 and FM-2 have been measured using the PRF source, and results have been reported by Paden et al. [23] [24] [25] . The PRFs for flight models FM-3 and FM-4, which are flying aboard the Aqua spacecraft, have been measured likewise. The measured PRF agreed well with the theoretical shape in each case. The centroid for each channel is located in agreement with design.
Lunar observations have been used to validate the PRF in orbit [26] , [27] . For this method, the movement of the Moon across the FOV is slow enough that the time response of the detector and Bessel filter are negligible, so that the static PRF is measured, as opposed to the dynamic PRF, which is measured in the ground testing reported here.
